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ABSTRACT

Recent studies of xenon Hall thrusters have shown peak efficiencies at specific impulses of less than 3000 s.
This was a consequence of modern Hall thruster magnetic field topographies, which have been optimized for
300 V discharges. On-going research at the NASA Glenn Research Center is investigating this behavior and
methods to enhance thruster performance. To conduct these studies, a laboratory model Hall thruster that
uses a pair of trim coils to tailor the magnetic field topography for high specific impulse operation has been
developed. The thruster—the NASA-173Mv2—was tested to determine how current density and magnetic
field topography affect performance, divergence, and plasma oscillations at voltages up to 1000 V. Test
results showed there was a minimum current density and optimum magnetic field topography at which
efficiency monotonically increased with voltage. At 1000 V, 10 mg/s the total specific impulse was 3390 s
and the total efficiency was 60.8%. Plume divergence decreased at 400-1000 V, but increased at 300400 V
as the result of plasma oscillations. The dominant oscillation frequency steadily increased with voltage, from
14.5 kHz at 300 V, to 22 kHz at 1000 V. An additional oscillatory mode in the 8090 kHz frequency range
began to appear above 500 V. The use of trim coils to modify the magnetic field improved performance

while decreasing plume divergence and the frequency and magnitude of plasma oscillations.

[. INTRODUCTION

Expanding the operating envelope of Hall
Effect Thruster (HET) technology has been the
subject of several investigations conducted at the
NASA Glenn Research Center (GRC)." As part of
this program, research on the physical limits of
HETs—in terms of power and specific impulse
(Isp)—is being conducted. Separate studies at GRC
have demonstrated power levels of 72 kW and Isp of
4100 s with xenon HETs*® This paper discusses
continuing efforts at GRC to develop efficient,
high-1sp thrusters.

While state-of-the-art HET's are designed for
300 V, there are no fundamenta limitations of
operating at higher voltages and thereby higher Isp.
The challenge is maintaining efficient operation
while increasing Isp. This became evident during
high-Isp testing of three laboratory model HETS: the
Boeing/TsNIIMASH D-80, the ARC/Fakel SPT-1
and the Busek BHT-1000.>> These tests confirmed
the functiona relationship between anode Isp and
discharge voltage as shown in figure 1. However,
maximum anode efficiency was limited to less than
3000 s Isp, as shown in figure 2. The voltage
a which efficiency peaked was found between
500-800 V and depended both on the mass flow rate
and the thruster.

* Research Scientist
T Chief, On-Board Propulsion Branch
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The subject of current investigations is to
eliminate the efficiency peak and understand the
physical mechanisms of the phenomenon. To
conduct these investigations the NASA-173Mv1 and
NASA-173Mv2 laboratory model HETs have been
designed and fabricated by GRC.®” The hypothesis
when building both thrusters was that the magnetic
field topography required for efficient, high-voltage
operation would differ from that employed at 300 V.
The NASA-173M thrusters therefore employ
magnetic circuits that allow for significant variations
of the field topography.

A recent performance characterization of the
173Mv1 has confirmed the hypothesis.” An internal
trim coil (ITC) was used to alter the field topography
during a performance mapping from 300-1000 V.
Figure 3 shows the 173Mv1l efficiency at 5 mg/s
with and without the ITC. The results demonstrated
that the efficiency peak observed without the ITC
could be mitigated when the magnetic field
topography was tailored for high-voltage. The goal
with the next thruster, the 173Mv2, was to
completely eliminate the efficiency peak. The tests
reported in this paper were conducted to evaluate
whether this goal was achieved by exploring the
operating envelope of the 173Mv2. Performance of
the 173Mv2 was mapped while varying the
discharge voltage from 300-1000 V a 5-10 mg/s



and 300600 V at 15 mg/s. lon current density and
plasma oscillation data were also collected at
10 mg/s.
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Il. EXPERIMENTAL APPARATUS

A. NASA-173Mv2 Hall effect thruster

Figure 4 is a photograph of the laboratory
model NASA-173Mv2. The 173Mv2 is an evolved
version of the 173Mv1, which has been described
previously.®” Both thrusters are nominaly 5 kW
HETs and are classified as magnetic layer or
stationary plasma thrusters (SPT). The thrusters
share the same gas injection schemes and discharge
chamber geometry. The primary differences between
the thrusters are improvements that were made in the
173Mv2 magnetic circuit, thermal design, assembly
scheme and mass.

Figure 4—The NASA-173Mv2 Hall effect thruster.

The magnetic field topography in the
discharge chamber of both thrusters employ what is
commonly referred to as a plasma lens®’ In a
plasma lens, the fidd line curvature preferentialy
focusesions on the channel centerline away from the
walls, which improves performance and thermal
margin, decreases plume divergence and increases
lifetime. This focusing effect is possible because
magnetic field lines form equipotentials of the
accelerating voltage (at least to a first order
approximation.)® The plasma lensin the 173Mv2 is
gualitatively similar to that of the 173Mvl.
However, improvements to the lens curvature and
symmetry were incorporated in the 173Mv2. The
changes were inspired by experiments with the
173Mv1 that suggested a means to improve
performance at high voltage without the use of trim
coils.

In the 173Mv2, the primary circuit consists
of the fixed magnetic structure, an inner cail (IC)
and an azimuthal outer coil (OC). Both thrusters
have an internal trim coil (ITC); the 173Mv2 has an
external trim coil (ETC) aswell.

The ITC primarily affects the radid
magnetic field in the discharge chamber.*” When
the coil is energized, the radius of curvature of the



plasma lens (i.e., the axial gradient of the magnetic
field, V,B,) can be changed, depending on the
direction of the coil current. By convention, a
negative current subtracts from the magnetic field
and increases the value of V,B,.

The ETC is an azimuthal coil located on the
outer radius of the thruster body (not shown in figure
4). The ETC dlters the magnetic field downstream
of the exit plane and near the cathode. By
convention, a negative coil current subtracts from the
magnetic field. Reference 9 discusses an approach
that uses external coils and poles to affect plume
divergence and thrust vectoring in an SPT—100.

The plasma discharge was powered by a
matching pair of commercialy available power
supplieswired in series that provided a 1200 V, 16 A
output. The discharge filter consisted of a 100 uF
capacitor in parallel with the supply outputs. Other
commercially available power supplies were used to
power the magnet coils, cathode heater and cathode
keeper. The hollow cathode was a 20 A laboratory
model fabricated a8 GRC and positioned above the
thruster (seefigure 4).

Xenon (99.999% pure) was supplied through
stainless steel feed lines with 20 and 200 sccm mass
flow controllers. The controllers were calibrated
before, during and after the experiments using a
constant-volume method. The estimated uncertainty
of the calibrations was +0.9% for the anode and
1+1.0% for the cathode.

Thruster telemetry was acquired using a
22-bit datalogger. The DC accuracy of the unit, as
reported by the manufacturer, is 0.004%. However,
calibration of each channel using digital multimeters
increased the uncertainty to +0.05% for voltage and
1+0.2% for current.

B. Vacuum facility

All experiments were conducted in vacuum
facility 12 (VF12) a GRC. VF12 is a cylindrical,
stainless sted chamber 3.0 m in diameter by
9.6 meters in length. The facility is cryogenically
pumped and backed by a turbomolecular pump for
removal of low molecular weight gases that are not
pumped by the cryosurfaces. The thruster was
mounted near the chamber’ s centerline on one end of
the facility and fired 8.9 m down the length of the
tank toward the pumps, which are located along the
back half of the chamber. A hot-cathode ionization
gauge was mounted 0.4 m below the vertica
chamber centerline, 5.2 m downstream from the
thruster. Pressure measurements were corrected for
xenon using the base pressure on air and a correction
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factor of 2.87 for xenon. For xenon flow rates of 5,
10, and 15 mg/s, typical pressures were 2.7x10°,
46x107°, and 6.7x10° Torr, respectively, after
correcting for xenon and the base pressure on air,
which was 1.8x107 Torr. This corresponded to an
average xenon pumping rate of 290,000 I/s. At these
pressures and flow rates, ingested neutrals from the
ambient tank environment have been shown to
have a negligible influence on performance
measurements.™

C. Thrust stand

Thrust was measured using a null-mode,
inverted pendulum thrust stand designed at GRC and
used previoudy in VF12"  Inclination was
controlled by leveling the stand via a stepper motor
mechanism to maintain a constant inclinometer
output. A water-cooled shroud that encompassed the
thrust stand components was maintained at 10° C to
minimize thermal drift. Thermal drift was equivalent
to no more than 0.5 mN and was quantified through
frequent shutdowns (about every 30 minutes), to
record the zero offset. Calibrations using a series of
known weights were performed every two to four
hours before and after several of these firings. Since
the dope of the calibration curve was highly
repeatable throughout testing, the zero offset
recorded after each shutdown was used to obtain the
calibration curve valid at the time of shutdown.
Linear interpolation over time during each thruster
firing yielded the zero offset and, thus, the true
calibration curve for each data point as a function of
time. Using these methods, the uncertainty in the
thrust measurements was estimated to be no more
than £0.5 mN.

The engine was operated for approximately
25 hours before thrust data were collected and the
data were collected over hours 25-57 of thruster
operation. Upon initial exposure to vacuum, the
thruster was operated for three to four hours to allow
for outgassing. If the thruster had been off for more
than a few minutes, an initial firing of at least
30 minutes was done before data was collected. This
ensured that the thruster and thrust stand had
equilibrated sufficiently to minimize thermal drift.
Repeatability was quantified by returning to certain
operating points over the three week testing period
and was influenced more by the thruster (e.g., by
returning to the same discharge current) than the
thrust stand. Using these methods, variations in
thrust for a given operating point were 1.0%, on
average.



D. Faraday probe

lon current density measurements were
taken using a Faraday probe that has been used
previousy a GRC and characterized in other
investigations.”*** The probe consisted of a 1.94 cm
diameter collection electrode enclosed within a
guard ring. The guard ring and collector were made
from stainless steel and were biased —15 V below
facility ground to repel electrons. The probe face
was aligned 98.5 cm downstream of the exit plane,
with the axis of rotation located on thruster
centerline at the exit plane. An angular coordinate
system was defined such that thruster centerline was
referenced as zero degrees. When viewed
downstream from the exit plane angles became
increasingly positive when the probe was swept
clockwise. Sweeps were performed from —100° to
+100° in 1° increments. At each location, 1000 data
points were sampled at 1 kHz and averaged using a
16-hit data acquisition card and a 502 Ohm precision
resistor. Data was collected over hours 36-39 and
50-59 of thruster operation.

E. Discharge current probe

A 500 MHz oscilloscope and a 50 MHz
current probe were used to monitor discharge current
oscillations. The probe was located after the output
filter described in section I1.LA. The oscilloscope
sampled the current at 250 kHz. The power spectra
density was computed from the discrete Fourier
transform of the data with Parzen windowing. Data
was collected over hours 36-39 and 50-59 of
thruster operation.

Ill. RESULTS AND DISCUSSION

A. Performance

Performance was evaluated over 300-
1000 V at 5 and 10 mg/s and 300-600 V at 15 mg/s.
By testing at constant flow rates, current density was
held approximately constant as the voltage increased,
which was equivalent to increasing the power
density. The maximum power at which the thruster
could safely be operated was determined to be
10 kW, so no data were generated beyond this power
level. (All data are tabulated in table 1 of the
appendix).

The thrust-to-power (T/P) ratio was
computed based on the discharge power (V¢*1g) and
the total power, which includes the power dissipated
in the coils. Both “anode” and “total” quantities
were computed for Isp and efficiency. Anode
guantities include only the anode flow and discharge
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power. Tota quantities add the cathode flow and the
power required by the coils. The cathode flow was
maintained at 10% of the anode flow to ensure there
was a sufficient supply of eectrons for neutralization
and ionization. No attempts were made to optimize
the cathode flow, cathode position, or to minimize
the power dissipation of the coils. Improvements to
the total 1sp and efficiency should be possible if the
cathode and coils are |ater optimized.

The general method for taking data was to
set the voltage and flow rate and then investigate the
effects of each coil on discharge current, plasma
oscillations and anode efficiency. It was observed
that the effects of the ITC and the ETC on the
performance were mostly independent. It was
therefore decided to record data first with the ITC
energized, then with both the ITC and ETC. This
method was used only when both coils were
beneficia to efficiency. For example, if the ITC
snowed no benefit, only ETC data were reported in
table 1 of the appendix.

Once a general range of coil currents
yielding near-optimum efficiency was found, data
were recorded at several coil currents to ensure that
performance was indicative of the optimum. Only
data at the optimum coil currents are included in the
appendix. Peak performance was generally realized
where the discharge current and oscillations were
minimized. However, there were cases when the
discharge current would increase with efficiency
when the trim coils were energized. Because of the
breadth of this performance mapping, no systematic
attempts were made to quantify the functiona
relationship of the coils beyond those just described.

The thruster was stable and capable of
sustained operation (from tens of minutes to hours)
during the period when data at a given operating
point was recorded. At voltages greater than 300 V,
the thruster became unstable for 10-30 minutes after
the voltage was increased. This was attributed to
plasma oscillations associated with shifts of the
discharge chamber plasma position towards the
anode. Internal probe measurements have confirmed
the movement of the plasma with voltage.* If the
voltage was increased rapidly, oscillations would
sometimes cause the discharge to extinguish.
Movement of the plasma resulted in a gradual
lengthening of the discharge chamber erosion band.
A “burn-off” period at 600 V or more first confirmed
this. This burn-off was qualified by visualy
observing the erosion layer glowing orange-red at its
upstream boundary. Burn-off was observed only
above 600 V, but it most likely occurred to a lesser
extent at al voltages. The burn-off was quantified



by an increase in the discharge current and a
decrease in efficiency. The thruster was unstable
during burn-off unless the coil currents were
increased by a few Amperes. After the burn-off
period at each voltage, which lasted 10-30 minutes,
the coil currents could be reduced. Discharge
current also decreased after burn-off and the
efficiency increased. Additionally, after burn-off the
voltage could be decreased and increased back to the
burn-off voltage as quickly as the power supply
could accommodate the change.

In the following figures, different
combinations of coils are shown. The label, “No
TC's’ refers to operation of the IC and OC only.
The other labels follow conventions described
earlier. Figures 5-11 are plots of the data from
table 1 of the appendix. Figures 5-8 show how the
trim coils affected thruster operation. Specifically,
figure 5 considers the current-voltage characteristics
at each flow rate and figures 6-8 plot the total
efficiency versus voltage at 5, 10, and 15 mg/s,
respectively. Figures 9-11 show the performance
quantities from the coil combinations in figures 6-8
that maximized efficiency.

The functional relationship of the discharge
voltage and current is depicted in figure 5. The
current was found to slowly increase with voltage.
In general, the trim coils reduced the current and
increased thrust (see table 1 in the appendix) at a
fixed voltage. The increase of current with voltage
can be caused by increases in the electron current
and/or multiply-charged ions. Probe diagnostics to
measure the electron current and ion species
fractions as a function of voltage are currently being
developed.™
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Figure 5—Current-voltage characteristics at 5, 10,
and 15 mg/s.

Figures 6-8 plot total efficiency versus
voltage for flow rates of 5, 10, and 15 mg/s,
respectively. At a given flow rate and voltage,
efficiency was improved or remained unchanged by
using the trim coils.  When efficiency was
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unchanged, there were still benefits to overal
performance as thrust usually increased. In figure 6,
the efficiency at 5 mg/s shows trends that are very
similar to the 173Mv1 data shown in figure 3. Both
thrusters had a maximum efficiency when no trim
coils were used (that occurs at 500 V in the 173Mv2
and 600 V in the 173Mv1). Additionally, when the
trim coils were used efficiency was shown to
increase with voltage for both thrusters. For
example, in the 173Mv2 at 300 V, the trim coils
improved efficiency by 0.6%, while at 1000 V the
efficiency increased by 5.6%. The 173Mv2 showed
no improvement with the ITC at 500 V or less; only
the ETC was effective. Above 500 V, only the ITC
increased efficiency in the 173Mv2. Further, positive
ITC currents were found to improve efficiency in the
173Mv2 a 5 mg/s, while negative currents were
adways beneficiad in the 173Mv1.” Positive ITC
current decreases VB, along the channel. Since VB,
is steeper in the 173Mv2 than the 173Mvl, this
implies an optimum value of V,B, at 5 mg/s, which
can be determined by comparing the magnetic fields
in both thrusters.
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Figure 6.—Total efficiency versus discharge voltage at
5 mgl/s.

Figure 7 shows that total efficiency at
10 mg/s increased monotonically with voltage. Tota
efficiency at 10 mg/s spanned the range of 52.7% at
300 V to 60.8% a 1000 V. Although 1000 V,
10 mg/s operation was near the power limit of
10 kW, the thruster was operated for one hour at this
setting. The efficiency at 10 mg/s increased with
voltage whether or not the trim coils were used,
which indicated improvements to the field
topography in the 173Mv2 with respect to the
173Mv1 were near the optimum required for high
specific impulse operation.” Unlike the data at
5 mg/sin figure 6 that shows efficiency improved by

Y This conclusion was supported by data from the 173Mv1 at
10 mg/s (unpublished, not shown) that shows a plateau in the
efficiency characteristic a high voltage.



as much as 5.6%, using trim coils at 10 mg/s
improved efficiency by only 1-2%. Overdl,
differences between the 5 and 10 mg/s efficiency
data imply there is a minimum current density
necessary for high efficiency operation in the
173Mv2.

In figure 8, the efficiency at 15 mg/s shows
trends that are similar to figure 7, abeit at higher
efficiencies. Total efficiency was 59.0% at 300 V
and increased to a maximum of 63.3% at 600 V.
Anode efficiencies exceeded 70% at 500600 V. As
noted earlier, data at 600 V was close to the 10 kW
power limit of the thruster. It was difficult to
maintain the discharge at 600 V for more than
twenty minutes, which did not allow time to
experiment with the ITC or ETC. Difficulties
sustaining the discharge seemed to be driven more
by the combined influence of current and power
density—rather than the power density alone—since
the thruster was operated for an hour a 1000 V,
10 mg/s.
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The total efficiency, total specific impulse
and T/P ratio (based on discharge power) for flow
rates of 5, 10, and 15 mg/s are shown in figures
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9-11. For clarity, only data from the cail
combinations that maximized efficiency at each
point are shown. In figure 9, the trends in total
efficiency emphasize the importance of current
density in achieving optimal performance. At a
fixed voltage, efficiency improved at each higher
flow rate because mass utilization is known to
increase with current density. Current density also
has a role in optimizing efficiency with increasing
voltage, as shown by the contrasting efficiency
characteristics at 5 and 10 mg/s.
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Figure 9.—Optimized total efficiency versus discharge
voltageat 5, 10, and 15 mg/s.

Figure 10 shows the total specific impulse at
each flow rate. The maximum total specific impulse
was 3390 s at 1000 V, 10 mg/s. The specific
impulse also increased, like efficiency, with current
density at a fixed voltage because of improved mass
utilization. However, unlike efficiency, the specific
impulse always increased with voltage at a constant
mass flow rate. This was because the thrust always
increased with voltage, which was expected since
thrust and Isp scaleas T o< Isp o< V™
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Figure 10.—Optimized total specific impulse versus
dischargevoltageat 5, 10, and 15 mg/s.

Trends in efficiency and specific impulse are
best understood by considering the T/P ratio, shown



in figure 11. The T/P ratio showed a weak
dependence with current density at 300-500 V. At
600 V or above, the T/P ratio at 5 mg/s decreased
faster than at 10 mg/s, which corresponded to the
decrease in efficiency shown in figure 9. The drop
in efficiency can be understood by considering the
scaling of the T/P ratio with voltage. At a constant
flow rate, efficiency scalesasm o< T?/P e T/P* V4™
Thus, if the T/P ratio scales with voltage at a power
of less than —Y% the efficiency will decrease.
A power law curve fit to the 5 mg/s datain figure 11
shows that T/P o V4***, while the 10 mg/s data
scalesas T/P o< V4%,
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Figure 11.—Optimized thrust-to-power ratio versus
discharge voltage at 5, 10, and 15 mg/s. Power law
curvefitsare shown for 5and 10 mg/s.

Overdl, the performance and operating
characteristics of the 173Mv2 highlight the
challenges of operating HETSs over a large range of
current and power densities. Depending on the
application, the challenge is maintaining efficient
operation without exceeding current and power
density limitations. In a constant current application,
throttling from 300 to 1000 V requires an increase
in the power density by more than a factor of three.
This may not be an issue, however, since data at
10 mg/s has shown the 173Mv2 was stable over
these power densties. In constant power
applications, however, problems may arise if the
throttling range is beyond the thermal capabilities of
the thruster. This is because at the highest voltage,
the thruster should be sized to yield acceptable
efficiency. Throttling at constant power to a lower
voltage will then increase the current density. Recall
that operation of the 173Mv2 at 600 V, 15 mg/s was
only sustained for twenty minutes as opposed to
1000 V, 10 mg/s, which was sustained for an hour.
Both of these operating points are nearly the same
power density, but current density is 50% higher at
15 mg/s than at 10 mg/s. This underscores the
importance of current and power density
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considerations that could limit the throttling range in
constant power applications.

B. lon current density

Plume measurements and plasma oscillation
data were collected concurrently after determining
optimum coil currents for a given voltage and flow
rate. lon current density measurements were made at
10 mg/s at voltages of 300-1000 V. At all voltages,
plume profiles with the IC and OC aone were
measured. At 300-600 V, the ITC and the combined
influence of the ITC and ETC were documented. At
700-1000 V, only sweeps with the ITC and ETC
were performed, with the exception of 1000 V which
includes a sweep with the ETC.

Figure 12 shows results from 300-600 V
and figure 13 includes data from 700-1000 V. For
clarity, both figures include only the data with the
ITC and ETC. Differencesin the plume profiles with
the other coils are quantified by calculating the
plume divergence. Figure 14 shows plume
divergence half-angle versus voltage for all
combinations of coils that were investigated. Plume
divergence was defined as the half-angle from
centerline that integrates to 95% of the total current
density integrated over +90°. No attempts were
made to account for the effects of the charge
exchange plasma due to the finite pumping speed of
the facility. Figure 14 shows divergence reached a
maximum of 38° at 400 V and a minimum of 28° at
1000 V.

The double peak structure of the ion current
density profiles in figures 12 and 13 was attributed
to the annular geometry of the discharge chamber.
The current density peaks were more pronounced as
the voltage increased, indicating more of the ion
current was located near centerline. It is likely that
the asymmetry in the profiles was the result of
azimuthal non-uniformity of the neutral gas
distribution. Because of the favorable performance
characteristics, these asymmetries were not believed
to significantly affect thruster operation.

Plume divergence angle, shown in figure 14,
is determined by a number of processes, including:
radial electric fields in the acceleration zone, the
axial location of the acceleration zone, thermal
spreading at the ion acoustic velocity, particle
scattering in the plume and even plasma
oscillations.®™® How these processes scale, and
which ones dominant, is not completely understood,
but divergence should scale as the ratio of radial to
axial ion velocity. Thus, a decreasing divergence
angle with voltage implies axial velocities are
increasing faster than radial velocities. In figure 14,
an increase in divergence was shown between 300—
400 V, followed by a continual decrease. Theinitial



increase was atributed to a jump in plasma
oscillations (see figure 18). Excluding the 300 V
data, the divergence was found to decrease from
400-1000 V as 0o V%, Assuming that radial
electric fields and therma expansion dominate the
radial expansion, it is easily shown that the electron
temperature controlling divergence was scaling as
Tep o V. Numerical simulations (with zero wall
losses) by Ahedo are in close agreement, which
suggested the electron temperature at the sonic
transitligon in the discharge chamber scales as Tes
o< Vd.
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Figure 12—lon current density versus angular
position at 10 mg/s, 300600 V with both trim coils
(ITC,ETC).
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Figure 13.—lon current density versus angular
position at 10 mg/s, 700-1000 V with both trim coils
(ITC,ETC).
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Figure 14.—Divergence half-angle versus discharge
voltage at 10 mg/s.

Figure 14 shows that the ETC increased
divergence, while the ITC decreased divergence.
For example, a 1000 V the ETC increased
divergence, but when the ITC was added, a drop was
observed. Data at 300600 V also shows that the
divergence decreased with the ITC and then
increased when the ETC was added. Further, the
cathode potential data in table 1 of the appendix,
which is a measure of the electron coupling with the
discharge, shows that the ETC increased the cathode
potential (i.e., decreased the magnitude with respect
to ground). Taken together, the divergence and
cathode potentia trends indicate that the ETC
improved efficiency by acting primarily on the
electrons.

The effects of the ITC are more complex
than the ETC because the ITC dters the magnetic
field inside the discharge chamber. Figure 14 shows
that the ITC decreased divergence while the data in
table 1 of the appendix shows (with few exceptions)
that the cathode potential became more negative, the
discharge current decreased and the thrust increased.
The changes in cathode potential and discharge
current imply the ITC is decreasing the axiad
mobility of electrons to the anode, while the increase
in thrust suggests that the mass utilization is
improved when the ITC is used.

C. Plasma Oscillations

Discharge current oscillations a 300-
1000 V, 10 mg/s were measured at the same coil
combinations as the ion current density.
Representative plots of the power spectral density
(PSD) at 300 and 1000 V are shown in figures 15
and 16. In figure 17, the frequency at which the
PSD was greatest is plotted, and figure 18 plots the
standard deviation of the discharge current,
expressed as a percentage of the mean discharge
current.



In figures 15-16, the trim coils are shown to
affect the PSD at 300 and 1000 V. Figure 15 at
300 V shows how the broadband distribution without
trim coils was replaced by a much stronger pesak
when the trim coils were used. This peak is referred
to as the dominant oscillation frequency and is
usually associated with the breathing-mode
ionization instability.”” Adding the ETC to the ITC
broadened the distribution, but the use of both coil
combinations resulted in less broadening than when
both were not used. The dependence of the standard
deviation (see figure 18) with the use of trim coils
was weak at 300 V, indicating that more of the
energy was being concentrated into a narrower band
of frequencies.

Figure 16 shows the PSD at 1000 V. In this
figure, note that operation with only the ETC, and
then the combined influence of the ITC and ETC are
snown. The ETC data at 1000 V showed broadening
similar to when the ETC was added to the ITC at
300 V. A primary difference between 300 and
1000 V was the presence of a new oscillatory mode
in the 80-90 kHz frequency band. This mode was
present at all voltages between 500-1000 V and
overall the ETC excited the mode, while the ITC
had a dampening influence. Gascon considered the
voltage dependence of Elasma oscillations
experimentally at 300-600 V. This work showed
high-frequency modes developing above 300 V.
Since these modes were observed at 5065 kHz in an
SPT-100ML, it is not known if they are the same
instability. Choueiri has also considered plasma
oscillations in the 25-100 kHz range, but his
analysis was restricted primarily to the effects of the
magnetic fidld."” Future investigations are planned
to improve the resolution in the 50-100 kHz
frequency band before reaching further conclusions.
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Figure 15.—Discharge current power spectral density
versusfrequency at 300 V, 10 mg/s.
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Figure 16.—Discharge current power spectral density
versusfreguency at 1000 V, 10 mg/s.

As shown in figure 17, there was a gradual
shift to higher frequencies of the dominant
oscillation frequency, from 14.5 kHz at 300 V to
22 kHz at 1000 V. The trim coils generally lowered
the dominant frequency a each voltage. For
example, at 300 V the dominant frequency decreased
from 17.5 kHz to 14.5 kHz when the trim coils were
used. At 1000 V, the dominant oscillation frequency
marginally increased from 26.5 kHz to 28 kHz with
the ETC, then dropped to 22 kHz when the ITC was
added.
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Figure 17 — Dominant frequency from the power
spectral density of the discharge current oscillations
ver sus dischar ge voltage at 10 mg/s.

As shown in figure 18, there was a large
increase in the standard deviation of plasma
oscillations between 300 and 400 V, which persisted
until 600 V. At 700-1000 V, the standard deviation
dropped again to another plateau. In genera, the
trim coils decreased the magnitude of oscillations
a a fixed voltage. The increased oscillations
roughly coincided with the range of voltages
where efficiency peaked in other HETs (i.e.,, 500—
800 V).*>’ It may be that efficiency begins to drop
in other thrusters at a critica voltage due to



increased discharge current oscillations. Oscillations
can increase the turbulent conductivity of electrons
resulting in greater axia electron current. This is
thought to be an indication that plasma oscillations
are playing a significant role determining efficiency
with increasing voltage. Experiments to more firmly
establish the connection between the magnetic field,
plasma oscillations and e€lectron current are
continuing.
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Figure 18.—Standard deviation of the discharge
current, as a percentage of the average current, versus
discharge voltage at 10 mg/s.

V. SUMMARY

These experiments have documented the
influence of current density and magnetic field
topography on the performance, plume divergence
and plasma oscillations of high specific impulse Hall
thrusters. The key results include:

1. The eimination of a peak in the efficiency-
voltage characteristic observed in other xenon
Hall thrusters. Operating above a critical current
density, and with magnetic fields appropriate for
high-voltage, resulted in a monotonic efficiency-
voltage  characteristic.  While  enhancing
performance overall, trim coils were not required
to obtain these results, demonstrating that
traditional magnetic circuits can still be used if
the fixed field topography is properly instituted.

2. At 1000 V, 10 mg/s, the total specific impulse
was 3390 s with a corresponding total efficiency
of 60.8%.

3. Trim coils have been shown to affect favorably
both plume divergence and plasma oscillations.
This may ultimately prove to be their greatest
utility, as controlling divergence and oscillations
are critical to extending thruster lifetime.
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. Plume divergence was shown to decrease over

the range of 400-1000 V from a maximum of 38°
to a minimum of 28°. An increase in divergence
from 300 to 400 V was attributed to plasma
oscillations.

. The dominant oscillation frequency steadily

increased with voltage, from 14.5 kHz at 300 V
to 22 kHz at 1000 V.

. It was shown that the trim coils influenced the

magnitude and frequency content of plasma
oscillations. An external trim coil broadened the
power spectral density while an internal trim coil
localized the energy to a narrower band of
frequencies.

. The emergence of additional oscillatory modesin

the 80-90 kHz band when the discharge voltage
exceeded 500 V has been reported. Trim coils
have also been shown to have an effect on this
frequency band.
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Table 1.—NASA-173Mv2 perfor mance data at 300-1000 V, 5-15 mg/s

APPENDIX

Thrust /
Anode | Cathode| IC | OC | ITC | ETC | Pmag | Ptota | Thrust | Thrust/Pd| Ptota | Anode| Anode | Tota Total
Vd(W) [ Id(A) |PAW) | (mg/s) | (mals) | (A) | (A) | (A | (A) (W) (W) (mN) | (mN/KW) | (mN/KW) | Isp (s) | Efficiency | Isp (s) | Efficiency [ Vcg (V)
3002 | 423 | 1270 | 4.99 050 [150] 1.20 | 0.00 [ 0.00 | 11.3 1281 80.7 63.6 63.0 1650 0.514 1500 0.463 -11.9
3001 | 419 | 1257 | 5.05 0.51 [150]| 1.20 | 0.00 [ 0.00 9.7 1267 80.9 64.3 63.8 1630 0.515 1480 0.465 -12.2
3002 | 421 | 1264 | 5.00 0.50 [150]| 1.20 [ 0.00 [ 0.00 9.7 1274 812 64.2 63.8 1660 0.522 1510 0.471 -12.0
300.1 | 420 | 1260 | 5.05 051 [150]| 1.20 | 0.00 [ -3.00| 165 1277 813 64.5 63.7 1640 0.519 1490 0.466 -11.3
3002 | 422 | 1267 | 5.00 050 [150] 1.20 | 0.00 [ -3.00| 16.7 1284 818 64.6 63.7 1670 0.528 1520 0.474 -11.2
400.2 [ 435 | 1741 | 5.00 050 [1.70] 160 | 0.00 [ 0.00 | 154 1756 | 100.1 575 57.0 2040 0.576 1860 0.519 -13.0
400.2 | 435 | 1741 | 5.00 050 [1.70] 160 | 0.00 [ -400]| 282 1769 | 100.5 57.7 56.8 2050 0.580 1860 0.519 -11.8
5003 | 441 | 2206 | 4.99 050 [156] 146 | 0.00 [ 0.00 | 142 2221 | 1151 52.2 518 2350 0.602 2140 0.543 -12.9
5003 | 444 | 2221 | 4.99 050 [156] 146 | 0.00 [ -3.00| 214 2243 | 1155 52.0 515 2360 0.602 2150 0.542 -11.7
6004 | 473 | 2840 | 5.00 050 [1.85] 1.55[ 0.00 [ 0.00 | 17.8 2858 | 126.9 4.7 444 2590 0.567 2350 0.512 -12.2
6005 | 476 | 2858 | 5.00 050 [1.85] 1.55| 0.00 [ 0.00 | 17.8 2876 | 128.0 44.8 445 2610 0.573 2370 0.518 -111
600.3 | 4.68 | 2809 | 4.95 052 [1.83] 1.55| 0.00 [ 0.00 | 16.7 2826 | 126.5 45.0 44.8 2610 0.575 2360 0.518 -11.5
6003 | 4.65 | 2791 | 4.95 052 [183] 155| 027 [ 0.00 | 1638 2808 [ 126.5 453 45.0 2610 0.579 2360 0.521 -11.7
700.3 | 4.89 | 3424 | 4.95 0.52 [200] 1.70 | 0.00 [ 0.00 | 203 3445 | 1375 40.2 39.9 2830 0.558 2560 0.502 -11.1
7004 | 480 | 3362 | 4.95 0.52 [200] 1.70 [ 0.20 [ 0.00 | 205 3382 | 1374 40.9 40.6 2830 0.567 2560 0.510 -11.5
800.2 | 5.00 | 4001 | 4.95 052 [267] 1.99| 0.00 [ 0.00 | 326 4034 | 1448 36.2 35.9 2980 0.529 2700 0.475 -10.7
800.2 | 4.89 | 3913 | 4.95 052 [268] 1.99| 052 [ 000 | 336 3947 [ 146.9 375 372 3030 0.557 2740 0.500 -114
900.2 | 536 | 4825 | 4.95 052 [288] 232 | 0.00 [ 0.00 | 429 4868 | 155.8 323 32.0 3210 0.508 2900 0.456 -9.4
900.2 | 526 | 4735 | 4.9 052 [277] 251 | 0.00 [ 0.00 | 487 4784 | 1553 32.8 325 3200 0.514 2890 0.461 -8.9
9003 | 5.06 | 4556 | 4.95 052 [279] 217 | 0.00 [ 0.00 | 429 4598 | 154.3 339 33.6 3180 0.528 2880 0.473 -10.8
900.2 | 483 | 4393 | 4.95 052 [288]| 232 | 046 [ 0.00 | 436 4437 | 157.1 35.8 354 3240 0.567 2930 0.508 -12.2
900.2 | 484 | 4357 | 4.95 052 [288] 231 | 056 [ 000 | 443 4401 | 156.9 36.0 35.6 3230 0.571 2920 0.511 -12.3
900.2 | 4.84 | 4357 | 4.95 052 [277] 251 | 056 [ 000 | 481 4405 | 158.2 36.3 35.9 3260 0.580 2950 0.519 -12.5
1000.3| 523 | 5232 | 4.95 052 [299] 241 | 0.00 [ 0.00 | 525 5284 | 163.9 313 310 3380 0.519 3050 0.465 -9.7
1000.4 | 4.94 | 4942 | 495 052 [299] 241 | 054 [ 000 | 537 4996 | 168.2 34.0 337 3460 0.578 3140 0.518 -12.3
1000.4| 4.90 | 4902 | 4.95 052 [292] 242 | 057 | 0.00 | 539 4956 | 168.0 34.3 339 3460 0.582 3130 0.521 -12.6
300.1 | 899 [ 2698 | 10.00 100 |1.75( 149 0.00 | 0.00 | 143 2712 | 174.6 64.7 64.4 1780 0.565 1620 0.511 -12.4
3002 | 890 [ 2672 | 9.98 100 |1.75] 150 | 0.00 | 0.00 | 144 2686 | 172.1 64.4 64.1 1760 0.555 1600 0.502 -12.7
3002 | 886 | 2660 | 10.00 100 |1.75] 149 ]| -054] 0.00 | 146 2674 | 1749 65.8 65.4 1780 0.575 1620 0.520 -12.7
300.2 | 884 | 2654 | 10.00 100 |1.75] 150 | -054] -4.00| 274 2681 [ 176.3 66.4 65.8 1800 0.586 1630 0.527 -12.1
400.2 [ 9.26 | 3706 | 9.99 100 |250f 226 | 0.00 | 0.00 | 34.0 3740 [ 2129 574 56.9 2170 0.612 1980 0.551 -13.3
400.2 [ 924 | 3698 | 9.99 100 | 252 226 0.00 | -1.97| 382 3736 | 213.2 57.7 57.1 2180 0.615 1980 0.554 -13.2
5003 | 9.32 | 4663 | 9.99 1.00 |3.00f 220 | 0.00 | 0.00 | 457 4709 | 2437 52.3 518 2490 0.637 2260 0.574 -13.9
5003 | 9.30 | 4653 | 9.99 1.00 |3.00f 220 | -035]| 0.00 | 46.3 4699 | 2442 52.5 52.0 2490 0.641 2270 0.577 -14.1
5003 | 9.23 | 4618 | 9.99 100 |3.00f 220 | -0.35] -5.00 | 69.0 4687 | 2446 53.0 52.2 2500 0.648 2270 0.581 -14.3
600.3 | 952 | 5715 | 9.99 100 |3.26] 249 0.00 | 0.00 | 60.1 5775 | 269.9 472 46.7 2750 0.638 2500 0.574 -134
6003 | 949 [ 5697 | 9.99 100 |324] 249 -026] 0.00 | 61.6 5758 [ 271.0 47.6 471 2770 0.645 2510 0.580 -13.8
6003 | 944 | 5667 | 9.99 100 |324| 249 ] -026] -5.00| 854 5752 | 270.8 47.8 471 2760 0.648 2510 0.580 -14.0
7003 | 9.61 | 6730 | 9.96 102 |341] 306 | 0.00 | 0.00 | 89.6 6819 [ 296.1 44.0 434 3030 0.654 2750 0.585 -135
700.3 | 9.69 | 6786 | 9.96 102 |341f 306 | -020]| 0.00 | 90.7 6877 [ 299.0 4.1 435 3060 0.661 2780 0.592 -14.1
7003 | 9.62 | 6737 | 9.96 102 |341f 306 | -020| -5.00 | 116.2 | 6853 | 298.0 44.2 435 3050 0.662 2770 0.590 -134
8003 | 9.68 | 7747 | 9.96 102 |382] 330 0.00 | 0.00 | 1136 | 7861 | 317.8 41.0 404 3250 0.654 2950 0.585 -135
8003 | 984 | 7875 | 9.96 102 |381f 329]|-021] 0.00 | 1163 | 7991 | 3235 411 405 3310 0.667 3000 0.596 -14.3
8003 | 975 | 7803 | 9.96 102 |381] 329 |-021]-401| 1346 | 7937 | 3234 414 40.7 3310 0.673 3000 0.600 -135
900.1 | 9.76 | 8785 | 9.96 102 |385] 361 | 0.00 | 0.00 | 142.0 | 8927 | 3432 39.1 384 3510 0.673 3190 0.601 -14.4
900.1 | 9.83 | 8848 | 9.96 102 |385[ 361 |-004]|-590]| 1784 | 9026 | 346.2 39.1 384 3540 0.680 3210 0.605 -135
1000.2| 9.67 | 9672 | 9.96 102 | 437 381 0.00 | 0.00 | 1841 | 9856 | 361.1 373 36.6 3700 0.677 3350 0.602 -13.9
1000.2| 9.79 | 9792 | 9.96 102 | 436] 381 0.00|-501] 1784 | 9970 | 363.8 37.2 36.5 3720 0.679 3380 0.604 -137
1000.2| 9.75 | 9752 | 9.96 102 |4.36] 381 -016]-5.00] 2035 | 9955 | 364.7 374 36.6 3730 0.685 3390 0.608 -135
3004 | 14.82 | 4452 | 14.99 150 |215] 175 [ 0.00 | 0.00 | 244 4476 | 291.5 65.5 65.1 1980 0.637 1800 0.576 -8.9
3005 | 14.70 | 4417 | 14.99 150 |215]| 1.74[-022] 0.00 | 246 4442 | 291.7 66.0 65.7 1980 0.643 1800 0.581 -9.1
300.6 | 14.67 | 4410 | 14.99 150 |215] 174 [-022] -6.00| 55.3 4465 | 294.8 66.9 66.0 2010 0.657 1820 0.590 -8.6
4004 | 15.17 | 6074 [ 14.99 150 |251] 201 [ 0.00 | 0.00 | 34.6 6109 [ 344.8 56.8 56.4 2350 0.653 2130 0.590 -9.3
4005 | 14.98 | 5999 [ 14.99 150 |250] 200 [ -0.82] 0.00 | 354 6035 | 346.7 57.8 574 2360 0.668 2140 0.604 -9.4
400.1 | 14.96 | 5985 [ 14.99 150 | 250] 200 [ -0.82] -6.00| 68.9 6054 | 350.1 58.5 57.8 2380 0.683 2160 0.614 -8.9
500.1 | 1547 | 7737 | 15.00 150 |324] 298| 000 | 0.00| 757 7812 | 389.7 50.4 49.9 2650 0.654 2410 0.589 -10.9
500.1 | 1550 | 7752 | 15.00 150 |324] 299 [ 0.00 | 0.00 | 748 7826 [ 390.7 50.4 49.9 2660 0.656 2410 0.591 -10.9
500.2 | 1527 | 7638 | 14.99 150 |324] 298 [-124]| 0.00 | 780 7716 | 395.1 517 51.2 2690 0.682 2440 0.613 -10.9
500.3 | 1512 | 7565 | 14.99 150 |324] 298 [-124]|-7.94] 139.9 | 7704 | 4017 53.1 52.1 2730 0.712 2480 0.635 -9.5
5004 | 1521 | 7611 | 15.00 150 |325] 299 [-125]|-800| 1719 | 7783 | 397.9 52.3 511 2700 0.693 2460 0.616 -9.3
6004 | 1538 | 9234 | 15.00 150 |3.76] 325 0.00 | 0.00 | 984 9333 | 441.6 47.8 473 3000 0.704 2730 0.633 -12.3
600.2 | 1552 | 9315 | 15.01 150 |3.75] 325 [ 0.00 | 0.00 | 104.4 | 9419 | 4424 475 47.0 3000 0.700 2730 0.629 -11.9
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